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SUMMARY 


An appro'iimabe theory oT the oPPect of rotation on 

the forces on a fuselage "ith'out a wing represents the elipstrean 
roivatxon By the flow ahout a vortex alined with the longitudinal axis. 
Tnis coiifiguration gives rise to a lateral force and yawing moiiont in 
pitcii or a nornial force and jji tening ciosient In yaw. The forces are 
proi-ortj.onal to angle of inclination and to slipstrsari rotation as 
ueasured oy the ratio of propeller torciue to the sc^uare of the diameter. 

A wind -t-ijinnel investigation tos made prima-rily to check the 
predictions for txie lateral force on a fuselage shaped as a Body of 
revolution. The model was tested alone and in combination with each 
of 6 four "0 lade propellers of different diameter and hlade angle. 

Thie_ msasur-eaients were made in pitch, and a lateral force was found 
with a magnitude of the order of the theoretical value. 

For completeness, measurements were also made of the incremental 
pitching moment, yawing moment, normal force, rolling moment, ai\d 
thrust due to propeller operation. These measvu'e-ments were somewhat 
ambiguous in that they represented the comhined effects of fuselage 
interference and direct propeller forces; therefore, they were not 
^alyzed. This amhlguity is not present in the measurement of lateral 
j-Orce, since a propeller in pitch is known to experience no appreciable 
lateral force.' 


INTTiODUCTION 


strong tendency to yaw toward the left under conditions of 
high txXrust end low speed is one of the difficulties experienced 
with single ^engine fighter airplanes equipped with a single -rotating 
propieller. (See reference 1.) This hehavior is attributed in pert 
to ^ the effect of the rotatirig slipstream in striking the vertical 
tail. Some unpublished tests made at the Langley Memorial Aeronautical 
Laboratory show, liowever, that a substantial yawing moment and lateral 
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force are still obtained vhen the vertical and horizontal tails are 
removed. A part of the yawing Dioiaent is developed hy the propeller 
because of its inclination in pitch (references 2 and 3). The 
larger part may be attributed to the slipstream -interference forces 
on the ving and fuselage - 


Speculation on the origin of the interference forces on the wing 
and fuselage led to an idealised picture with the slipstream rotation 
represented by the flow about a vortex. If bills vertex is bound in the 
fuselage and alined with the longitudinal axis the body contour will 
be a stream eui'face of the flow. Even in the absence of a wing and 
tall this representation leads to a yawing moment and a lateral 
force, both proportional to the angle of pitch and to the slipstream 
rotation . 

A wind-tunnel investigation was made in the Langley stability 
tunnel primarily to check the predictions for the lateral force on a 
fuselage alone. Most of the measurements were made at low t-trust 
coefficient for reasons of practicability, since the essential features 
of slipstream-funelage interference may be observed without carrying 
the tests to the high values of thrust coefficient at which the effects 
are prominent on actual airplanes. The theoi';/" is first presented in 
some detail, and then the experiments are described and the measure- 
ments of lateral force are compared with the predictions. 


SYMBOLS 


The force and moment coefficients are based on the volixae of the 
fuselage. The forces and moments are referred to a system of rectangular 
body axes with origin at the one -quarter -length point of the fuselage. 

The X-axis lies along the longitudinal axis of the fuselage and is 
directed forward, the Y-axis is directed to the right, and the Z-axis 
is directed downward. The positive sense of a force agrees with the 
positive sense of the force axis and the positive sense of a moment 
follows that of a right-hand screw progressing in the positive direction 
of the moment axis . 

D diameter of propeller 

E radius of propeller 

r station radius 

b 


section chord 
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Cx 
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number of blades 
section blade angle 


blade angle at 0.75® of basic 26 -inch propeller 

length of fuselage 

volume of fuselage 

propeller torgue 

mass density of air 

stream velocity 

T '7 


dynamic pressure 


( 1 
I oO 


A 

J 


propeller inflow factor 


/ 

^-1 


circulation 
angle of attack 
angle of downwash 
longitudinal force 
lateral force 

normal force (positive dovmward) 
yawing momeiit 


longitudinal -force 



lateral -force coefficient 



yawing -moment coefficient 



k 
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normal -force coefficient 


‘,773, 


C„ 


a 


pitching -moment coefficient ( 

\ / 

/ \ 

n . j_ ^ i Rolling moment \ 

rolling -moment coefficient 1 — ) 

\ qv / 


T ’ 
c 


effective thrust coefficient 

// X \ 

\ 'propeller on 


qV 


, 2/3 


propeller off, 


^c’ 


thrust coefficient hased on propelJ.er diameter j 


f V«/3 


m » 


/q \ 

toraue coefficient ( — \ 

v’V 


V 2d2 ■“ 


8.F.F, side -force factor 


THSOBY 


Under average conditions the rotation in a slipstream does not 
differ much from the rotation about a line vorter; that is, the 
rotational velocity is relatively large near the center and decreases 
toward the outside. Exact equivalence occurs when tlie circulation 
is constant along the propeller blades, a condition of almost unifoim 
distribution of thrust over the disk area for lightly loaded propellers. 
Then no vorticity will be shed along the blades, and all the vorticity 
will appear in a central vortex of strength F and B tip vortices of 
strength F /b each, and of opposite sense where B is the n’jmber 
of blades . 

A blade element of length dr at radius r will experience 

a component of force in the plane of tiie propeller of amount 

, P 

pU(l + a; — dr, where U(1 + a) is the aocial velocity at the propeller 
B 

disk. The total propeller torque is therefore 
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fD/2 

Q = I S p'/Cl + a) — r dr 

B 


The inflow factor a is aliaost constant over the propeller disk for 
the assioied loading. The expression is thus approximately 


Q = 


pU(l + a)r’D^ 
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( 1 ) 


This expression I'elatos the strength of the central voi-tex P to the 
pr'opeller torq.ue Q and diametei' D. 


If the propeller wero not znovoated on a hody the vortex would 
trail freely down the center of the slipstream iJust as the tip 
vortices trail freely along a helix and constitute the slipstream 
hoiondary. The fuselage or naceli.e (ass axed to be a "body of revolution 
for simplicity) must, however, he a stream surface of the flow. The 
deteroilnat Lon of the flow imposes a touada'cy value ijrohlsm of an unusual 
kind. The 3 propeller voi’ticeo of total circulation P may he 
assumed either to enter the tody at the spinner or to he shed from 
the hlade roots at the spinner. In either case tiiis vorticity must 
eventually leave the rody and trail with the general flo% 7 . The 
vorticity can leave the body at stagnation points only, and the free 
emergent vorticity must follow streamlines. The position of the 
stagnation points aiid the shape of these streamlines are not however 
kno'v/n in advance because they are, in general. Influenced by the 
vorticity. 


For the particular case in which the fuselage is alined with 
the stream direction the prob.lem possesses a simple solution. The 
central vortex P may be considered to pass through the body al ong the 
longitudinal ax.is and to continue behind the body a.s a free vortex, 
also along the axis. The vortex flow thus fits the fuselage smoothly 
and the position of the rear stagnation point and the straight shape 
of the stagnation streamline are unaffected by this flew. 

If tLie fuselage is Inclined to the stream by a small angle, the 
rear stagnation point, in the absence of vorticity, will etlll be near 
the rear end. Now consider the central slipstj^eam vortex P to be 
bound along the longitudinal axis as before and to emerge as a free 
vortex at uiie stagnation point and to trail along the stagnation 
streamline as in figure 1. The flow induced by the bound p'S.rt of 
the vortex is in concentric circles and so fits the f-aselage smooUily. 
Tno flow induced by the free part of the vortex does not quite fit 
the fuselage smoothly. A small additional flow will therefore take 
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place - it can, in principle, te calculated "oy potential theory •• 
in such a way that the combined flow will fit the fuselage saoothly. 

If the vortex strength P (which is proportional to the slipstream 
rotation) is sirtall, it appears that the position of the rear 
stagnation point will not h© greatly altered hy this coiabination 
of vortex flow and vortex -induced additional flow. Thus the 
representation in figivce 1, the vortex -induced additional flow, and 
the flow of the sources, sinks, and doublets that make, the body a 
stream, srirface of the flow in the absence of a vortex, provide 
an approximation to a possible flow about the inclined fuselage in the 
rotating slipstream. 


'Ihe sources and sinks will give rise to no forces on the body. 

The doublets will yield the well-known unstable moment of a fuselage 
in pitch. The vorbex -induced additional flow will be noncirculatory 
and cannot contribute to the total force on the body. Tills flow 
may influence ttie moment, but the influence will be assumed to be 
small compared vdth that of the bou;cd vortex of figure 1. Thus the 
forces on the vortex system of figure 1 are all that remain. These 
forces shouid be a first apprcr.lmation to the aduitional forces imposed 
on a fuselage by slipstream rotation if the described flow actually 
occurs. The discussion has sought to show that this flow is possible 
but has not proved tliat it is the only possible flow. 


The influence of the propeller tip vortices on the flow about 
the fuselage has thus far been ignored. These tip vortices form a 
helix of which the main effect is to induce the well '•known slipstream 
axial inflow velocity. This inflow velocity is accounted for by the 
factor a in the equations. A secondary effect, which disappears if 
the number of propeller blades is infinite, is a small infliience on 
the rotation in the slipstream. This secondary effect may be neglected 
if the angle of attack of the fuselage is small so that the fuselage 
nowhere approaches the slipstream boundary. 


If the fuselage is at an angle of attack a the bound vortex is 
inclined by the angle a - € to the local stream velocity, where € 
is the downwaah produced by the propeller. (See fig. 1.) The fuselage 
should therefore experience a lateral force 

Y = -plFz(l + 2a) sin (a - e ) (2) 

If the propeller has the usual right-hand rotation (viewed from the 
rear), T is positive and the lateral force is negative (toward the 
left) . The center of pressure is at the center of the fuselage; there 
should be, therefore, a yawing moment about the quarter -length point 
of the fuselage of amount 

N = —fSUZ.?. (i + 2a) sin (a - e ) 

4 


( 3 ) 
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For right-hand rotation this moment is positive. 

Corresponding expressions result for a normal force and pitching 
moment due to yav . For right-hand rotation the normal force should 
ho upmrd (negative) and the pitching moment nega.tive . 

The values of lateral force end yawing moment given hy 
eqxiations (2) and (3), respectively, are a little too large- A small 
ojiposiiig lateral force induced at trie I'ear end of the fuselage hy the 
cur’ved part of the trailing vortex has been neglected- Also, the 
helical tip vortices ore deflected downward somewhat hy the flow about 
the fiiselage- This deflection induces a small further reduction in 
lateral force. The exact lateral force can be obtained hj'' a 
consideration of the lateral momentum associated with the relative 
displacement of the trailing centi-al vortex and the helix center 
line far hack in the wa.ke. 


The circulation of an actual propeller "blade will not he 


const6uD.t as 


i.sr/um.3d in the simple theory. Ihe reduction of "blade 
width near th.s shanks a?.\d the depoi’ture of t:te shanks from airfoil 
snaps will cause an appreciable amount of right 'hand vorticity to be 
shed outside the fuselage. Tius part of the vorticity will trail with 
tne gsr.i.era.l flow. Some attempts have been bade to evaluate, by crude 
approximations, the influence cf this fi'ee -trailing vorticity. The 
results suggest that e<iuations (2) and still pi-cvide solutions 
of the right order of magnitude . A really quanwitative solution 
would pr-e.sent formi.dable difficulties. 


A more pictorial interpretation may be siade of the origin of 
these forces. The rotating slipstream is considered to be constrained 
to follow the fuselage so that the axis of rotation is appi-oximabsly 
s-i-lned witn tue lor.gitudJ.nal axis- If the fu.' 3 el,age is at an angle 
of attack and tne rotatioxi in the s.ljpstream has a rigiit-hand sense, 
the rotational velocity has a dowiistream component to the left of the 
fuselage and arx upatreaii component to the right of the fuselage. 

The resultant velocity is therefore greater on the left side of the 
fuselage than on the rigiit side. According to Bernoulli's principle 
the p.ressui'e on the left side must be less than the pressure on the 
right side. Tne result is a lateral fores to the left. 


The aldition of a wing to the fuselage would appear to have two 
effects . First, tlis wiiig would remove a lax’ge part of the slipstream 
rotation. Second, the downva,sh of the wi.ag in pitch wou.ld considerably 
reduce the effective inclination of tlje rear part of the fuselage. 

The theory my thsrefo.re be extended to the case in which a wii.'g is 
present by appropriately reducing the siiresigth of the ceniral slip- 
stream vortex behind uhe center of pressure of tiie wing and by 
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into account the downwash hehlnd the wing in computing the forces 
on the central slipstream vortex. Add.ition of the wing has thus 
moved the center of pressiure of the lateral force far forward. 

The resultant yawing moment is toward the left for conventional 
cases, whereas for the fuselage alone it is toward the right. 

In the tests to he described the dorawe^sh angle c is small 
and may be taken, with sufficient acciU’acy, equal to the theoretical 
dcwnwash far behind the isolated propeller. Tl'da dov/nwash is 
associated with the propeller normal force and can be determined by 

the procedures of reference ^ . The computed values of 1 at 

da 

zero thrust for the six propellers that were tested are included in 

table I. The values for zero thrust exe considered representative 

because most of the tests were run at lovr values of T . For the 

c 

same reason the propeller inflow factor a may be disregarded in 
comparing the tests with theory. 


APPAR/iTUB AND K0rEI,S 


The experimental investigation was conducted in the 6- by 6 -foot 
test section of the Langley stability tunnel. Tiie model was mounted 
on a single strut extending from the reax- of the fuselage to the 
tunnel balances. The strut was constructed of hollow steel tubing 
and served also to house all the motor leads . The arrangement is shown 
in figure 2 . 

The model consisted of a fuselage of circular cross section 
which was tested alone and in combination with each of six different 
propeilei*s. The fuselage was made of mahogany to the dimensions 
given in the table contained in figure 3* Figure 3 ahow's also the 
fuselage -support Junction and the location of the propellers. 

Six four-blade right-hand wooden propellers were tested. 

(See fig. 4.) The propellers were formed from identical 26 -inch 
propellers hy cutting off the ends of four to provide diameters 
of 12 inches, I9 inches, and 26 inches. Three of the propellers had 
blade angles of 18.9° at 0. 75 of* 13-inch radius, and the remaining 
three had blade angles of 39-^° at the same station. The blade -form 
curves for the two basic 26 -inch propellers are given in figure 5. 

Side -force factors (reference ^4-) for the six prope3.1ers, estimated 
from these curves, are given in table I. The values tor the 26 -inch 
propellers were obtained by the method of reference 3 s-nd the values 
for the cut propellers were obtained from these values by the 
considerations of reference 4. The blade sections inboard of 5*2 inches 
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from the center vere assumed to ms-ke no contribution to the aide -force 
factor. 


The propellers were driven by a three-phase induction motor for 
which a tor<jue -calibration curve was available. The rotational speed 
was controlled by varying the frequency of the current input. 


TESTS 


The fuselage alone and in combination with each of six propellers 
was tested throijgh an angle -of -attack range from -1° to 30°. The 
angle of yaw was zero at all times. The propeller torque was held 
constant during each run. The values of torque used in the tests 
ranged from 1.6 to 8 foot-pounds in increments of 1.6 foot-pounds. 

For the higher-pitch propellers of 26-, 19-,and 12-inch diameter the 
upper limits of torque were 3*2, 4.8, and 8 foot-pounds, respectively j 
for the lower -pitch propellers of 26 -, 1Q-, and 12 -inch diameter, the 
upper limits of torque were 4 . 8 , 6 . 4 , and 8 foot-pounds, I’espectively . 

All tests w'ere made at a dynamic pressure of I9.9 pounds per 
square foot, which corresponds to a velocity of about 9I miles per hour. 
The Eeyno]-ds number based on the total length of the fuselage was 
about 3 000 , 000 . 


PRESENTATION OF DATA 


The data have been corrected for deflection of the model support 
under load. In the absence of a suitable theory no corrections have 
been applied for the effect of the tunnel -wall constraint. 


The variation v/ith angle of attack of the force and moment coef- 
ficients for the fuselage alone is presented in figure 6. These values 
were subtracted from the corresponding values for the propeller -fuselage 
combinations and the net results are presented as increments in 
figure 7" The coefficients plotted in figure 7 therefore represent 
the forces and moments acting on an isolated propeller plus the 
additional forces and moments on both propeller and fuselage due to 
propeller -fuselage interference . 
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KESUI/l'S Pm> EISCUSSIOK 


A lateral force and yawing moment diie to slipstream rotatlon 
in conjunction with pitch appear in the experimental results of 
figure 7^ Q’S predicted "by theory. The prediction for lateral force 
(equations (l) and (2)) may he expressed in the coefficient form 


if the slipstream factor a is neglected as being small. The -/•alues 
of the theoi'etical constant for the six propellers are included in 


are plotted in figure 8 with the theoretical line (equation (■'!•)) for 
comparison. The a^^reeaent at small angles of attack varies from poor 
to good. The average slope through zero for the 23 experimental cui'ves 
is about 15 pei’cent less than the theoretical slope and the average 
Individual scatter is "til percent. (Individual values are given in 
table II.) The simple theory of propeller -fuselage interfei'ence thus 
provides a, fairly quantitative prediction of the lateral force due to 
pitch or normal force due to ye..v. 

The variation of lateral -force coefficient Cy with toi’que 
coefficient ' is sho\m in figure 9 for fixed diameter and angle 

of attack. The variation shows the theoretical linearity only up 
to 0 . 38 . The theory implies small ^''aluos of p > or corre- 

sponding].j small valries of ' J therefore measurements at higher 

values of torque coefficient vei’e not used in the prepai’ation of 
figure 8. 

Quantitative comparison could not be made with the theoretical 
value of the fuselage yawing moment because the measurements included 
a propeller yawing moment (references 2 and 3 ) of uncertain magnitude. 
The sense of the combined moments at small angles of attack agrees 
however, with the theoretical prediction. Four other qiiantities - 
pitching moment, normal force, rolling moment, aj^d thrust - are included 
for completeness in figifre 7- These measurements, like the measure- 
ments of yawing moment, are somewhat ambiguous in that they represent 
the combined effects of fuselage interference and direct propeller 
forces; thei-efore they were not analyzed- Tliis ambigaiity, however, 
is not present in the measurement of the lateral force, since a 
propeller in pitch is knovm to experience no appreciable lateral force. 



C-jxp- 

- i T~ = Constant x a 


table II. 


'he experimental values of 



for Q ' up to 0.38 
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CONCI.UDINa REMARKS 


Slipstream rotation about a fuselage vithout wing or tail 
leads to a fuselage lateral force and yawing moment for pitch or a 
fuaelage nonmal force and pitching moment for yaw. The forces are 
proportional to sD.ipstream rota.tlon, measured by the ratio of 
propeller torque to the square of the diameter, and to angle of 
inclination. 

These forces are predicted by an approximate theory that 
represents the effect of slipstream rotation by the flow about an 
equivalent vortex bound in 'the fuselage and alined wl'bh the loiigi - 
tudinal axis. Vind -tunnel measurements in pitch for 6 fotir -b3.ade 
propellers of several diameters and blade ej:igles yielded values 
of fuselage lateral force of the order of magnitude predicted hy 
the theory. 

The theoretical representation may be extended to the case of 
a fuselage ulth a wing hy reducing the vortex strength behind the 
center of pressure of the wing to allow for the slipstream rotation 
removed by the %ving ar.d by taking into account the down/ash from 
the wing. A left yawing Element caused by pitch is indicated for the 
fuselage vrith v;-ing in contradistinction to the right yawing mcmsnt 
found for the fiiselage without wing. 

Langley Memorial Aeronautical Laboratory 

National Advisory Committee for A.eronautics 
Langley Field., Va,, November 15, 19^6 
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TABLE I 

SILE -FORCE FACTORS FOR THE SIX PEORELTTRS AND DOWNWASH 
ASSOCIATED VTITH THE NWiAL FORCE 


Pm 

('■ies) 

1 

D 

(in.) 

S.F.F. 

1 

da 

1 


(*26 

101.4 

0.918 

39 

<: 19 

159-0 

.872 

1 

1 12 1 

234.0 1 

1 

.811 


: 26 

99-0 

.949 

18.9 

<,^ 19 

162.0 

.917 

1 

: 

254.0 

.870 
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II 

SLOPE THROUGH ZERO AWGIJl OF ATTACK OF THE CURVES OF 
LATERAL -FORCE PARAMETER PLOTTED IN FIGURE 8 


a. 

M 

(deg) 


39-4 
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18.9 
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D 

(in.) 


26 
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19 
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i 
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12 

i 

I 

'C' 


26 

i 


19 


12 
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Average 


Q ' 

c 


•13 

.25 


•13 

•17 

.25 

•33 


.06 

•13 

•25 

.38 


•13 

•25 

.38 


•13 

.25 

.33 


.06 

.10 

.12 
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.21 

•25 
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Average Scatter 
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(a) Three-quarter front view. 

Figure 2.- Propeller -fuselage -interference model with 26-inch- 

diameter propeller. 


NACA TN No. 1210 Fig. 2a 




NACA TN No. 1210 Fig. 2b 







IS 


Fuselage volume = 0.634 cu ft 
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Fig. 4 



Six propellers used for propeller -fuselage -interference 

tests. 


Figure 4.- 






F/^ure J F/an forms a/iF p/fcF F/ofr/fc/iio/ns of b(75/c 
26 -/nc/i- F/amef&r propel Frs of opprox/rnefe C/orf y 
secf/o/ 7 . 
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Fig. 6 
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Figure T. ~ Increments of coefficients of forces and moments on the propeller and fuselage caused 
by propeller rotation . 
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